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Abstract  

Herein, in this work we synthesized the plant root nodule like NiO-MWCNT 

nanocomposites by simple, rapid and solvent-free method using nickel formate as a 

precursor. Using first-principle simulation study the interactions and charge transfer 

behaviour of the NiO and MWCNT composite is investigated. The as-prepared                 

NiO-MWCNT composite is employed to fabricate modified non-enzymatic carbon paste 

electrode (CPE) for glucose sensing. From the electrochemical investigation, fabricated 

sensor shows an excellent sensitivity of 6527 μA mM
-1

 cm
-2

 with the detection limit of         

19 μM and linear response over a range from 0.001 mM to 14 mM of glucose concentration, 

at an applied potential of 0.5 V. Importantly sensor also exhibits greater stability, selectivity 

and reproducibility. First principle simulation study shows the differences in charge density 

and charge transfer behaviour from nanotube to NiO nanoparticle, which in turn enhances the 

electro catalytic property of NiO-MWCNT composite. Hence, these results indicate that    

NiO-MWCNT composite is a potential material for non-enzymatic electrochemical glucose 

sensor. R
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1. Introduction  

The rapid and accurate determination of glucose has received significant attention due 

to its applications in various fields, such as clinical diagnostics, biotechnology and food 

industries.
1,2

 Previous studies on this concern, largely focuses on glucose oxidase (GOx) 

based biosensor which catalyses the oxidation of glucose to glucolactone. This enzyme based 

biosensor, despite of possessing high selectivity and lower detection limit is associated with 

serious disadvantages like poor selectivity, complex enzyme immobilization procedures, high 

cost and instability to chemical toxicity, temperature, pH, humidity, limiting the wide range 

applications.
3-5 

To overcome these limitations, direct oxidation of glucose using                 

non-enzymatic biosensors have been explored in the recent decades. 

Several electro-catalysts were reported on the direct electrochemical oxidation of 

glucose such as transition metals and metal-oxides (Au, Pt, Co, Cu, Ni, Co3O4, NiO, WO3, 

RuO2, etc.).
6-12

 Among which NiO is relatively cheaper with high abundance, less toxicity 

and is suitable for several applications.
13

 Fleischmann et al. 1971 reported that, Ni can serve 

as high potential electroctalyst for direct glucose oxidation resulting from the redox couple of 

Ni
3+/

Ni
2+

 in the basic medium.
14

 Therefore there has been substantial investigation on          

Ni-based materials for the fabrication of non-enzymatic biosensors. Many non-enzymatic 

sensors have been fabricated using nickel based nanoparticles (NPs), nickel-carbon 

composites, nickel nanowires or porous nickel nanomaterials, etc.
15-20 

However, these 

modified electrodes exhibit distinct features like high surface to volume ratio, enhanced 

electro-catalytic activity, as well as biocompatibility when compare with that of bulk 

electrodes. R
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In addition, Wang et al. in 2007 reported that the direct oxidation of carbohydrate and 

other organic compounds is greatly enhanced by the use of carbon nanotubes (CNTs)-metal 

hybrid modified electrode.
21

 The CNTs are well known for their distinctive electrical and 

mechanical properties. However, composites of CNT with NiO shows improved properties 

like faster electron transfer kinetics, high surface area, least surface fouling, reduced 

overvoltage effects, excellent electro-catalytic activity, greater chemical and thermal stability 

than the individual CNT or NiO. Hence, composites of CNT are largely used in the 

fabrication of biosensors.
22-29

 There are several methods reported to synthesize CNT-metal 

composites like wet impregnation, ball-milling, sputtering, electro-deposition, etc.
20, 30-33

 

However, bulk, simple and precise controlled nanoparticle decoration on CNT is still 

challenging and there are only few studies reported on bulk scale synthesis of NiO-MWCNT 

composite and its application as a non-enzymatic glucose sensor.  

Hence, in this article, we report simple, rapid, solvent-free method for scalable 

synthesis of NiO-MWCNT composites and as-synthesized composites were characterised by 

field emission scanning electron microscopy (FESEM), transmission electron microscopy 

(TEM), X-ray diffraction (XRD) and Laser Raman spectroscopy (LRS). The first-principle 

calculations were used to investigate the interactions and charge transfer behaviour between 

MWCNT and NiO. The as-synthesized composites were used to construct the non-enzymatic 

glucose sensor and performance factors like sensitivity, selectivity, stability, linear range, 

limit of detection (LOD), interference effect and reproducibility are systematically 

investigated. For the best of our knowledge, to achieve the solvent-free method nickel 

formate was used as a precursor for the first time. 
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2. Experimental 

2. 1 Reagents and solutions 

D-Glucose, dopamine (DA), uric acid (UA), L-ascorbic acid (AA), glycine (Gly), tryptophan 

(Trp), nickel sulphate, sodium formate, graphite powder were procured from Sigma–Aldrich. 

All chemicals were used as received without any further purification. The MWCNTs were 

synthesized, purified and functionalised using the reported procedure from our research 

group.
34

 Nickel formate was synthesized by refluxing nickel sulphate and sodium formate 

solution in stoichiometric amount and is confirmed by (powder) PXRD analysis (Fig. SI.1). 

The Human blood serum (HBS) samples were voluntarily given by the patients for 

conducting the experiments and study protocol was approved by the institutional review 

board at National institute of Technology Karnataka. Patients gave voluntary written 

informed consent before their participation. 

2.2 Synthesis of NiO-MWCNT composites 

Nickel formate was used as a precursor for the first time to achieve the solvent-free, 

rapid and scalable synthesis of NiO-MWCNT composite.  The MWCNTs (0.25 g) was dry 

mixed with nickel formate (0.025 g) using mortar and pestle until the homogeneous mixture 

was obtained. The mixture was then transferred to quartz boat and subjected to thermal 

treatment in an air atmosphere at 380 °C for 2 h using chemical vapour deposition setup. The 

final product, NiO-NPs decorated MWCNTs were collected as a black powder and was used 

without further purification. For the comparison studies the pure NiO was synthesized 

similarly. 
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2.3 Electrode fabrication 

The carbon paste electrode (CPE) was constructed by mixing graphite powder (0.7 g) 

and of silicone oil (0.3 g) in a mortar and pestle to produce a homogeneous paste which was 

then packed into the cavity of Teflon tube and electrical contact was established using a 

copper wire, which was then surface smoothened on a weighing paper. Similarly, the 

modified electrodes were fabricated using 0.05 g of NiO-MWCNT, pure NiO and MWCNT 

namely NiO-MWCNT/CPE, NiO/CPE and MWCNT/CPE respectively. 

2.4. Theoretical simulation method 

The calculations have been performed using first-principle plane-wave approach, 

based on the spin-polarized density-functional theory (DFT), in the generalized gradient 

approximation (GGA), with projector augmented-wave (PAW) pseudo-potentials, as 

implemented in Vienna Ab-initio Simulation Package (VASP).
35 

The cut-off energy for the 

plane-wave expansion was set to be 400 eV. Structure including a NiO nanoparticle with 

diameter of 10Å on a (6,6) carbon nanotube with length of 14.7Å was embedded in a 

supercell with periodic boundary conditions. The supercell contains a vacuum of 10Å in the 

two direction perpendicular to nanotube axis in order to avoid interaction between 

neighbouring supercells. Using a 1x1x1 k-point mesh, the structures were optimized with 

force threshold of 0.05 eV/ Å.  

3. Results and discussion 

3.1 Theoretical simulation results  

Geometry of the optimized structure is shown in Fig. 1(a). DFT calculations provide 

charge density of the optimized structure. To visualize the charge transfer between NiO and 

nanotube, we show in Fig. 1(b) the charge density difference in the geometrically optimized R
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system relative to isolated carbon nanotube and isolated NiO nanoparticle. The charge 

density difference plot shows redistribution of the charge in carbon nanotube upon adsorption 

of NiO nanoparticle. A significant charge accumulation is observed at the interface between 

the nanotube and the nanoparticle, and at the π orbitals of the carbons in the nanotube, while 

charge depletion appears mainly at sigma bonds of the nanotube. From the isosurface of 

charge density difference a charge transfer from nanotube to NiO nanoparticle can be 

observed. 

3.2. Material characterization 

The morphology of MWCNT and NiO/MWCNTs composite was examined by 

FESEM and their respective micrographs are as shown in Fig. (2a-c). An overview of the 

FESEM images shows that the pure MWCNT with length up to several micrometers and few 

nm of diameters, with no impurity on the surface of tube (Fig. 2a). However NiO decorated 

MWCNTs, appears to be randomly distributed with uneven nanoparticles decorated on the 

surface of the MWCNT tubes which resembles the plant root nodules (Fig. 2b and c).            

To investigate the further morphological features of the NiO-MWCNT composite TEM 

results were examined. From the TEM micrographs (Fig. 2d), it is observed that the dark 

stain on the MWCNT which attributes to the NiO-NPs wrap around the CNT with an average 

diameter of 15 to 20 nm. Fig. (3a) shows XRD pattern of the pure MWCNTs, NiO and      

NiO-MWCNT composites respectively. In the NiO-MWCNT composite samples the major 

peaks corresponding to MWCNTs and pure NiO were observed. The MWCNTs showed a 

typical (002) reflection at 26.3° and the NiO diffraction planes of (111), (200) and (220) 

reflections at 37.2°, 43.2° and 62.8°, can be distinctly indexed to the pure bunsenite form of 

NiO (JCPDS No. 74-2075). The broad diffraction peak for NiO in the composites signifies 

that, particles are nano-crystalline in nature.
36

 Finally, there were no extra peaks observed 

from other crystal structures in the XRD spectrum indicating the high purity of the prepared R
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sample. Raman spectra were also recorded to study the defects in MWCNT before and after 

the composite synthesis as shown in Fig. (3b).The spectrum showed two typical peaks at 

1344 and 1586 cm
−1

, which may be assigned to D-band (disorder band) and G-band (graphite 

band), respectively. The G-band corresponds to the vibration of sp
2  

bonded carbon atoms in a 

graphite layer with an E2g mode of hexagonal graphite and the D-band is associated with 

vibration of carbon atoms with dangling bonds in the plane terminations of disordered 

graphite. The small broad peaks observed at the lower shift values are believed to arise from 

the formation of NiO.
37

 Generally, the value of ID/IG ratio can be used to evaluate the disorder 

degree of the samples.
38, 39

 In this case, obviously NiO-MWCNT showed larger ID/IG ratio 

(1.5) than MWCNT (0.6) indicating, more defects in composite sample and confirms the 

formation of NiO-MWCNT composite.  

3.3. Electrochemical properties 

The electrocatalytic activity of the as constructed modified electrodes towards glucose 

oxidation was investigated by cyclic voltammetry (CV) and chronoamperometry (CA). The 

cyclic voltammograms were recorded at the scan rate of 50 mV s
-1 

in the potential range from 

0 to 0.8 V using 0.1 M NaOH solutions. The bare CPE shows no redox peaks and records 

least current, whereas, MWCNT/CPE did not show any redox peaks but records three folds 

higher current than the bare CPE which can be attributed to the high surface area and high 

electrical conductivity of MWCNT (Fig SI. 2).
 28,40 

 However, the NiO/CPE shows the well-

defined redox peaks in an alkaline solution which can be attributed to the redox couple of Ni 

that is Ni
3+

/Ni
2+ 

which cause for direct oxidation of glucose to glucolactone (Fig SI.2).
 42, 18 

The CVs of the modified electrodes namely, MWCNT/CPE, NiO/CPE and                        

NiO-MWCNT/CPE in the absence and presence of glucose (curve a-e) are shown the Fig. 

(4a). There was no current response observed for MWCNT/CPE (curve a), whereas well-

defined quasi-reversible redox peaks were observed for the NiO/CPE (curve b) and           R
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NiO-MWCNT/CPE (curve d) with anodic peak potential at 0.516 V and the cathodic peak at 

0.442 V, which attribute to the  Ni
3+

/Ni
2+ 

redox couple. After the addition of the 1 mM 

glucose, increase in oxidation and reduction peak current density, indicates the NiO can 

electrocatalyze the direct oxidation of glucose in 0.1 M NaOH solution and similar results 

were reported on glucose detection using NiO-based materials.
41

 Interestingly, the redox peak 

for NiO-MWCNT/CPE negative shifted anodic peak potential at 0.47 V and the cathodic 

peak at 0.33 V were observed and current density increases 2.5 folds (curve e)  than the only 

NiO/CPE (curve c). The shifts in anodic peak potential to lower potential region may be due 

to the faster diffusion of glucose at the electrode surface and these results, indicates that   

NiO-NPs deposited on the MWCNT exhibits higher electrocatalytic activity toward the direct 

oxidation of glucose which is due to, MWCNTs providing large surface area and high 

conductivity for fast electron transfer improving the electron transduction. 

The possible mechanism for oxidation of glucose by NiO-based materials could be 

represented by the following reactions. 

𝑁𝑖𝑂 +  𝑂𝐻−  →  𝑁𝑖(𝑂𝐻)2       (1) 

𝑁𝑖(𝑂𝐻)2 +  𝑂𝐻− ⇌ 𝑁𝑖𝑂(𝑂𝐻) +  𝐻2𝑂 +  𝑒−       (or)     

𝑁𝑖2+ +  𝑂𝐻−  →   𝑁𝑖3+  +  𝑒−      (2)  

𝑁𝑖𝑂(𝑂𝐻) +  𝑔𝑙𝑢𝑐𝑜𝑠𝑒 →  𝑁𝑖(𝑂𝐻)2 + 𝐺𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑    (or)     

𝑁𝑖3+ +  𝑔𝑙𝑢𝑐𝑜𝑠𝑒 →   𝑁𝑖2+  +  𝐺𝑙𝑢𝑐𝑜𝑛𝑖𝑐 𝑎𝑐𝑖𝑑    (3) 

First, Ni
2+ 

could be electro-oxidized to Ni
3+

 in 0.1 M NaOH solution where the release 

of electron resulted in the formation of oxidation peak current. Then, glucose (C6H12O6) 

could be oxidized to gluconic acid (C6H12O7) by Ni
3+

 which reduces to Ni
2+

 at the same time. 

Hence, the presence of glucose could lead to an increase in current.
 18, 42, 43
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The effect of scan rate was studied for NiO-MWCNT/CPE as shown in the Fig. (4b), 

it is observed that for 1.0 mM glucose concentration in 0.1 M NaOH solution the redox peak 

current increased as the scan rate increasing from 10 mV to 500 mV. The redox peaks current 

were found to be linear to square root of scan rate with correlation coefficient of 0.9947 and 

0.9938 respectively for anodic and cathodic current (inset Fig.4b).The obtained results 

demonstrate that the electrocatalytic glucose oxidation is a diffusion-controlled process and 

the peak to peak potential separation (ΔEp) proportionally increases with the increase of the 

scan rate indicates charge-transfer kinetic limitations.
44-46

 

For the further investigation of electrochemical properties of the NiO-MWCNT/CPE 

chronoamperometry response was recorded. Fig. 4c shows a typical current-time plot of the 

NiO-MWCNT/CPE electrode on successive additions of 10 M of glucose. The constant 

stirring (350 rpm) was provided to achieve an instant homogeneous glucose concentration. 

With the step wise addition of glucose, the amperometric response also shows a step-like 

increase in current density. The amperometric response of NiO-MWCNT/CPE electrode were 

recorded at different applied potentials such as 0.2 V, 0.3 V, 0.4 V and  0.5 V respectively, 

are as shown in the Fig. 4c. A significant well defined, stable and rapid current change was 

observed with successive addition of 0.5 mM of glucose and achieving the steady state 

current in less than 3 s. The proposed sensor exhibit higher sensitivity in an applied potential 

of 0.5 V as compared with that of the 0.2 V, 0.3 V and 0.4 V which is supported from the CV 

results, where at ~ 0.47 V highest glucose oxidation peak current was observed and which is 

close to the 0.5 V hence, the 0.5 V is considered as optimised working potential. However, 

the higher noise is observed at 0.4 V which is due to intermediate species adsorbed onto the 

electrode surface with increased concentration and longer reaction time. At the different 

applied potential, amperometric current versus total glucose concentrations and the 

corresponding calibration curve are shown in Fig.4d. The sensitivity, detection limit, R
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response time and regression value were determined at different applied potential are 

tabulated in table 1. The sensor shows the highest sensitivity of 6527 μA mM
-1

 cm
-2

, at 0.5 V 

with the detection limit of 19 μM which is greater than the other applied potential sensitivity 

of 3818.5 μA mM
-1

cm
-2

, 1552 μA mM
-1

cm
-2

, 931 μA mM
-1

cm
-2

 at an applied potential of     

0.4 V, 0.3 V and 0.2 V respectively. From these obtained results, it is observed that sensor 

shows the greater electrocatalytic activity at an applied potential of 0.5 V.  Hence the further 

interference and stability studies were performed at applied potential of 0.5 V. 

To investigate the interference effect of DA, UA, Gly, AA and Trp towards the 

determination of glucose, which commonly co-exist with glucose in real samples (human 

blood). The effect of interference was studied by recording the amperometric response for the 

above said molecules of concentration 0.2 mM at the applied potential of 0.5 V is shown 

in Fig. 5a.  There is no distinct current response observed with the addition of 0.2 mM DA, 

UA, Gly, AA and Trp. On the contrary, a significant current response with the addition of  

0.2 mM glucose appeared. Hence, the current response of common interfering biomolecules 

caused negligible interference to the response of glucose at NiO-MWCNT/CPE. The long 

term stability of the sensor was evaluated by measuring amperometric current responses to 

0.2 mM L
-1

 glucose for 30 days period (Fig. 5b). The results show that the                         

NiO-MWCNT/CPE retained 90% of its initial current response to glucose which could be 

mainly ascribed to the chemical stability of NiO/MWCNTs where in which I is the current 

response at first day and I0 is the current recorded at subsequent days. The proposed sensor 

was compared for its sensitivity, limit of detection and for its linear range with the previously 

reported work are as shown in table 2. However, the sensor show high sensitivity of          

6527 μA mM
−1

 cm
−2

 which is much higher than any other CNT based non-enzymatic sensor 

reported previously.
 4,3, 47-50  

Hence, these results demonstrate that NiO-MWCNT composite is 

a promising material for the fabrication of the non-enzymatic glucose sensor.  R
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Finally, as a real application, the NiO-MWCNT/CPE was applied to the determination 

glucose concentration in human blood serum samples (HBS). HBS without any pre-treatment 

was injected into 5 mL of 0.1 M NaOH at an applied potential of +0.5 V. The measured 

current change was correlated with the glucose concentration according to the calibration 

curve in Fig. SI.3 and then compared with the value obtained using a commercial glucose 

meter (Free Style Freedom Lite Glucose Monitoring System, Abbott Diabetes Care) as shown 

in the table 3. The results show that recovery of the samples are > 95 % with the relative 

standard deviation (RSD) less than 5 %. Hence, these results suggest that, the proposed 

NiO/MWCNT composite, a potential material for the fabrication of enzyme-free glucose 

sensors. 

4. Conclusions 

Using simple, solvent-free method, plant root nodule like NiO-MWCNTs 

nanocomposites were successfully synthesized and used to fabricate the non-enzymatic 

electrochemical sensor for glucose detection. Under the optimal conditions, as-fabricated 

non-enzymatic sensor shows the excellent sensitivity of 6527 μA mM
-1

 cm
-2

 at an applied 

potential of +0.5 V and a detection limit of 19 μM was achieved. Because of the ease of 

composite synthesis and the excellent electrochemical sensing properties, the NiO-MWCNT 

are expected to serve as a promising material for the development of the non-enzymatic 

glucose sensor. 
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Table 1 

Analytical performance of the proposed NiO-MWCNT/CPE electrode. 

Sl.No 

Applied 

potential (V) 

Sensitivity 

(μA mM
-1

cm
-2

) 

LOD 

(μM) 

Response 

time (s) 

Regression 

value (R
2
) 

1 0.2 931.4 38 3 0.9866 

2 0.3 1552 58 2 0.9707 

3 0.4 3818.5 24.5 4 0.9946 

4 0.5 6527 19 2 0.9952 
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Table 2 

Comparison of analytical performance of proposed NiO-MWCNT/CPE electrode with 

reported MWCNT based non-enzymatic glucose sensors. 

Type of electrode 

Linear range 

(mM) 

Detection 

limit (μM) 

Detection 

potential 

Sensitivity 

(μA mM
−1

 cm
−2

) 

Reference 

NiO/MWCNTs/  

Ta substrate 

Up to 7.0 2.0 0.50 1.77 [20] 

CS-GA-GOx-Nafion-

PtPd–MWCNT 

0.062–14 

 

31 0.60 

112 

 

[49] 

Ni-multi-wall CNT 0.0032–17.5 0.89 0.60 67.2 [31] 

MnO2/MWNTs Up to 28 N.A. 0.30 33.19 [48] 

Pt–Pb/CNTs  Up to 0.5 1.8 0.30 ~18 [47] 

Cu nanocluster/ 

MWCNT 

0.7–3.5 0.21 0.65 17.76 

 

[4] 

 

Cu/Au/CNT 0.0001–0.5 0.3 0.65 NA [50] 

NiO-MWCNT/CPE 0.001-0.5 38 0.2 931.4 Present work 

NiO-MWCNT/CPE 0.001-0.5 58 0.3 1552 Present work 

NiO-MWCNT/CPE 0.001-0.5 24.5 0.4 3818.5 Present work 

NiO-MWCNT/CPE 0.001-14 19 0.5 6527 Present work 
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Table 3 

The detection of glucose in human blood serum samples (HBS). 

Sample 
Glucose  (mM) 

(Proposed sensor) 
RSD

*
 (N = 4) 

Glucose (mM) 

(commercial 

glucose sensor) 

Recovery 

(%) 

1 5.8 4.5 % 5.6 98 

2 4.5 4.2 % 4.32 96 

3 7.0 3.7 % 6.74 96.4 

4 3.8 3.5 % 3.75 98.7 

5 6.7 4.6 % 6.55 97.8 

 

*
Average of four trials. 
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Figures 

 

Fig. 1.(a) Geometrical position of the optimized structure of NiO nanoparticle on (6,6) 

carbon nanotube. (b) Charge density difference isosurface of NiO adsorbed on nanotube. 

Charge density difference gives the information about redistribution of charge in the system 

relative to isolated carbon nanotube and isolated NiO nanoparticle. Yellow and blue indicate 

charge accumulated region and charge depleted regions, respectively. The isosurface value is 

3x10
-3

 e/Å
3
. (Color scheme: C= brown, Ni= grey, O=red). The figure was drawn using Vesta 

software.
51
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(b) 

 

(c) 

 

(d) 

Fig. 2.FESEM images of (a) pure MWCNT (b-c) NiO-MWCNT composite (d) TEM image 

of NiO-MWCNT composite R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

(a) 

 

(b) 

Fig. 3. (a) PXRD and (b) Raman spectra of NiO-MWCNT pure MWCNT in comparison with 

the pure NiO and NiO-MWCNT composite samples 
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Fig.4. (a) CVs of different electrodes in the absence and presence of glucose, (b)CVs of                                       

NiO-MWCNT/CPE electrode at different scan rates from 10 to 500 mV s
-1

 in 0.1 M NaOH 

with 0.1 mM glucose  (inset Fig. plot of peak current (IP)vs. square root of scan rate (√).   

(c) amperometric responses of NiO-MWCNT/CPE electrode upon the successive addition of 

10 μM glucose (d) the amperometric current plotted vs. total glucose concentration, and their 

corresponding linear calibration curves. 

 

(a) 

 

(b) 

Fig.5. Chronoamperometric response of the NiO-MWCNT/CPE electrode on successive 

addition of 0.2 mM of  glucose, DA, UA, UA, Gly, AA and Trp into 0.1 M NaOH solution. 
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(b) Stability plot for NiO-CNT/CPE sensor stored over three weeks in 0.1 M NaOH with    

0.2 mM glucose at 0.5 V.  
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